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H2-blisters are metal bubbles filled with hydrogen molecular gas resulting from 
recombination processes of protons in metal lattice. Bubble formation depends on many 
physical parameters, for instance: proton energy, proton flux, or the temperature of an 
exposed sample. Up to now no metallic sample that has been exposed to conditions 
prevalent in the interplanetary medium has been returned to Earth. Therefore, a direct 
evidence that blistering appears in space is missing. However, blistering is certainly a 
candidate of degradation processes which may occur in space. It could play an important 
role in the solar sail technology, where the performance of the sail is significantly affected 
by both the sail geometry but especially by optical properties of sail materials. Thus, both 
theoretical and laboratory studies of the blistering process have to be performed.  
The here presented model simulates the growth of molecular hydrogen bubbles on 
metallic surfaces. Additionally, it calculates the decrease of reflectivity of the by 
blistering degraded foils. First theoretical results show that the reflectivity of an 
Aluminum foil decreases by about 27% for a bubble surface density of 1500 cm-2 and an 
average bubble radius of 100 µm. Therefore, if blistering occurs, the propulsion 
performance of any sail-craft will be decreased by a significant factor. 
Nomenclature 
A = area of the sample 
BS = backscatter coefficient 
𝑑csda = Continuous Slowing Down Approximation (CSDA-range) 
𝜂 = relation between the number of H2 molecules and the H atoms in the metal lattice  
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𝜖 = binding energy of the H2 molecule to a vacancy 
𝜖′ = migration energy of the H atom in the metal lattice 
𝜀cell = size of a grid cell that covers the irradiated sample 
E = Young module 
𝐸int = Internal energy of molecules/atoms located at certain positions in the metal lattice  
𝐹gas,i = free energy of gas inside the ith bubble 
𝐹H = free energy of H atoms located outside bubbles in the metal lattice 
𝐹H2 = free energy of H2 molecules located outside bubbles in the metal lattice 
𝐹md,i = free energy of metal deformation caused by expanding ith bubble 
𝐹surf,i = surface free energy of the ith bubble cap 
𝛾  = Poisson coefficient 
𝐻i = sum of partial derivatives 
I = proton flux 
kB = Boltzmann constant  
𝑀u = molar mass of the sample’s material 
N  =  number of iterations 
𝑁0 = number of lattice sites 
𝑁B  =  number of bubbles per unit area  
𝑁BT  = total number of bubbles at the irradiated sample  
𝑁cell = number of cells 
𝑁HT = total number of H atoms in the sample 
𝑁H2T  = total number of H2 molecules in the sample 
Δ𝑁p+,j = number of protons sent to the sample in a unit time period  
p
i
 = pressure of the gas inside the ith bubble 
q = momentum 
Δ𝑞i = momentum transfer of a photon to the ith cell of the degraded foil 
Δ𝑞max,i= momentum transfer of a photon to the ith cell of a perfect mirror 
?̅? = average bubble radius  
𝑟i,0 = initial radius of the bubble 
R = reflectivity  
S = entropy 
𝜎 = metal strain 
𝜃 = angle between the surface normal and the path of a light ray 
Δ𝑡j = time step 
T = temperature of the sample 
Vi = volume of the ith bubble 
𝑉max,i = maximum volume of the ith bubble 
𝑉min = minimum volume of a bubble 
𝜉 = relation between the number of H2 molecules inside and outside the bubbles 
Ξi,j = increment of increase of the ith bubble radius during the jth period of time   
I. Introduction 
 
aterials covered with metallic surfaces are often used in space technology. For instance, thin Polyimid 
foils like Kapton, covered on both sides with a thin Aluminum layer, are manufactured for solar sails. The 
performance of the sails is significantly affected by both the sail geometry and the optical properties of its 
surface materials [4]. Degradation processes will change the physical properties of these materials. Studies, both 
theoretical and experimental, allow to choose the best material for a given sail mission.  
 Degradation of structural properties of solids caused by hydrogen, (referred to as embrittlement) plays a 
fundamental role in materials physics [12]. Materials used in space technology are exposed to hazard and 
aggressive conditions like high-energetic radiation or rapid temperature changes. Bubble formation is one of four 
general processes of embrittlement [12]. When H2-bubbles are formed on the surface of an irradiated solar sail, 
its reflectivity decreases with increasing surface density of molecular hydrogen bubbles. Since the reflectivity is 
directly proportional to the momentum transfer from solar photons to the sail, its decrease will reduce the 
propulsion performance of a sail-craft just linearly proportional to the reduction of the reflectivity. 
 For the bubble formation certain conditions with respect to sail temperature and dose of sail penetrating 
protons have to be fulfilled. It turns out, that bubble formation is very likely at least at distances from the Sun 
smaller than 1.5 AU, perhaps even for somewhat larger distances. 
 The here presented thermodynamic model describes the growth of H2-bubbles. The model input parameters 
are the energy and flux of solar protons, properties of the irradiated metal, the dose of protons penetrated into the 
M 
metal, and its temperature. Another input parameter is the number of vacancies in the subsurface layers of the 
metal. Only at vacancy sites bubbles can be formed, i.e. their surface density is determined by the vacancy 
density which, in turn, is determined by the quality of the metal production process.   
The model output is the velocity of bubble radius growth, the maximum possible bubble radius, and, for a given 
bubble density and average bubble radius, the reduction factor of the reflectivity with respect to its ideal value.    
II. Temporal evolution of bubble formation  
Incident protons, while penetrating the metallic target, recombine with its free electrons to neutral hydrogen 
atoms. There are four recombination processes of ions to neutral atoms: Auger- [6, 7, 8, 16, 17, 22], resonant- [6, 
23], Oppenheimer-Brinkman-Kramers (OBK) - [1, 9], and Radiative Electron Capture (REC) [9] – 
recombination. Each one has its own probability of occurrence. It depends crucially on the energy of the incident 
ion. According to cross sections studies, the first two processes dominate the recombination of solar protons with 
energies lower than 100 keV. Above 100 keV the OBK process together with REC process (this even only above 
a few MeV) dominates recombination. The solar proton flux has its maximum at about 1 keV (see Fig. 1). At 
100 keV it is already two orders of magnitude lower. Therefore, recombination studies of solar protons should be 
focused on Auger- and resonant – recombination processes. 
 
Fig. 1 Flux of solar protons and electrons as a function of energy. Data are taken from the databases of 
SOHO, ACE, OMERE, and SPENVIS. 
 
Blistering occurs as irradiation damage. It changes the physical properties of the irradiated surface and 
increases the erosion rate [2]. Blistering is caused by formation of pockets of hydrogen molecular gas just below 
the metal surface. There have been made many terrestrial irradiation experiments by use of Hydrogen ions as 
incident particles. Many types of target metallic materials have been investigated. An example of a population of 
bubbles is shown in the Fig. 2 [15]. Bubbles were formed on the 2 µm thick Aluminum sample after the critical 
dose of incident Hydrogen ions was reached. The Hydrogen ions energy was set to 1 keV; the sample was hold 
at a temperature of 300 K.  
 
Fig. 2 Typical population of molecular hydrogen bubbles on an Aluminum sample. The diameter of the 
bubbles is in the range of a few µm [15].  
 
The tendency to form bubbles depends on the proton energy, integrated proton flux (dose), temperature of the 
target, crystallographic orientation of the irradiated surface as well as on impurities and defects in the sample [5]. 
It is known from laboratory experiments that the minimum dose of protons above which the process occurs is ~ 1016 H+ cm-2 e.g. [14]. The temperature range in which bubbles were observed is between 288 and 573 K [5, 
14].  
 
Hydrogen atoms are much smaller than metal atoms, but they can introduce strain in metal lattices when 
being absorbed as interstitial atoms [21, 25]. They can also change the electronic structure of near neighbor 
metal atoms [21]. That causes an increase of the lattice energy. It may be decreased by the aggregation of the 
interstitial hydrogen atoms into hydrogen atom clusters, and then into molecular hydrogen bubbles [21].  
Hydrogen could not agglomerate into H2-clusters without the presence of vacancies. For instance a single 
vacancy in Aluminum can trap up to twelve H atoms. For comparison, a vacancy in Iron can trap only up to six 
H atoms [12].   
Here, a thermodynamic model of bubble growth is proposed. The model is based on the assumption that the 
growth proceeds quasi-static i.e. during a jth period of time Δtj a small portion of H2-molecules, 𝑁H2,i,j, is added 
to the ith bubble. The thermodynamic equilibrium, however, is re-established very fast after each addition. For 
simplicity it is assumed that a single bubble is a half of the sphere with a radius of ri. The gas within a bubble 
behaves to a good approximation like an ideal gas: 
           𝑝i𝑉i =  � 𝑁H2,i,j𝑘B𝑇,𝑁𝑗             (1) 
The total irradiation time of the sample, during which the bubble growth appears, is 𝑁 × Δ𝑡j. The number 𝑁H2,i,j 
is given by: 
            𝑁H2,i,j = 0.5�𝑁BT�−1𝛥𝑁p+,j𝜂𝜉(1 − 𝐵𝑆),     𝑁BT = 𝑁B𝐴,     𝛥𝑁p+,j = 𝐼𝛥𝑡j𝐴.           (2) 
Here 0.5 reflects that a single H2-molecule consists of two H atoms. While 100% of protons recombine into H 
atoms in the metal lattice, only a few percent of them recombine to H2-molecules [3]. Hence, the coefficient 𝜂 is 
the ratio between the number of H2-molecules and the H-atoms in the lattice. Not all of the H2 -molecules will 
merge into H2-clusters and finally form H2-bubbles. Thus, the coefficient 𝜉 denotes the ratio of the number of 
H2-molecules inside and outside the bubbles.  
 The first step to estimate the radius growth of the ith bubble is to calculate the Helmholtz free energy of the 
whole configuration 𝐹config. Since the free energy is an additive quantity, the total free energy of bubble 
formation is a sum of following quantities: free energy of H2 gas inside the ith bubble �𝐹gas,i�, of the metal 
surface deformation �𝐹md,i� caused by the bubble growth itself, of the surface free energy �𝐹surf,i� of the bubble 
cap, of the free energy of H2-molecules �𝐹H2�, and of H-atoms (𝐹H) placed outside the bubbles but within the 
metal lattice. The Helmholtz free energy of the whole configuration described above is then: 
               𝐹config =  𝐹gas,i + 𝐹md,i + 𝐹surf,i + 𝐹H2 + 𝐹H.        (3) 
 The next step is to estimate the free energy of the ith bubble growth. It consists of the free energy of a gas 
filled in the bubble, the free energy of metal deformation, and of the bubble cap surface free energy. Using the 




 together with the 
ideal gas equation of state (Eq. (1)), the free energy of a gas within the ith bubble is 
              𝐹gas,i =  −∑ 𝑁H2,i,j𝑘B𝑇 ln �𝑉max,i𝑉min �𝑁𝑗 ,           (4) 
The model assumes that two H2 molecules form the smallest (“initial”) possible bubble. The radius of such a 
bubble is approximately 3.2 Bohr radii [20]. Every bubble will crack if the pressure of the gas inside is higher 
than the pressure exerted by the metal deformation of the cap. The relation between the pressure of the gas, the 
strain 𝜎 of the metal, and the bubble radius corresponding to 𝑉max,i is [11]: 
              𝑝gas, inside bubble − 𝑝outside bubble = 2𝜎𝑟max,i.          (5) 
Since the sample is placed in the vacuum, the pressure outside the bubble is set to zero.  
 The free energy of metal deformation caused by the gas pressure inside the bubble with radius 𝑟i can be 
found in [10], and is given by the following relation: 
                 𝐹md,i = 4𝜋3 𝑟i3(1+𝛾)𝐸 𝑝i2.             (6) 
The free energy of a surface of a cap of the ith bubble is given by [13]: 
                 𝐹surf,i = 4𝜋𝑟i2𝜎(𝑇).             (7) 
 The Helmholtz free energy of the H2-molecules located at certain positions in the metal lattice but outside the 
bubbles is calculated in the form 𝐹 = 𝐸int − 𝑇𝑆. Applying the statistical definition of the entropy, this free 
energy is (for a detailed derivation see M. Sznajder, thesis 2013 [24]): 
         𝐹H2 = �𝑁H2T − ∑ ∑ 𝑁H2,i,jNjNBTi � �𝜀 + 𝑘B𝑇ln�𝑁H2T −∑ ∑ 𝑁H2,i,jNjNBTi 𝑁0 ��.       (8) 
The number of lattice sites 𝑁0 can be expressed by: 
             𝑁0 = 𝑁A𝑑csda 𝐴2𝑀u.              (9) 
The Helmholtz free energy of H atoms located at certain positions within the metal lattice is calculated in the 
same way as for Eq. (8): 
         𝐹H =  �𝑁HT − 2𝑁H2T � �𝜀′ + 𝑘B𝑇ln �𝑁HT−2𝑁H2T𝑁0 ��.          (10) 
 Since now each term of Eq. (3) is determined, the next step is to calculate the radius 𝑟i of the ith bubble at a 
given time t. This will be achieved by assuming that the process of bubble growth is quasi-static one, i.e. during 
each jth time step ∆𝑡j a small portion of H2 molecules is merged to the ith bubble and the thermodynamic 
equilibrium is rapidly re-established; the corresponding equilibrium condition is 
𝜕𝐹config
𝜕𝑁H2,i,j = 0. This leads to the 
following fifth order equation for 𝑟i: 
      8𝜋 Ξi,j 𝜎(𝑇)𝑟i5 − 𝐻i𝑟i4 + 3𝜋 1+𝛾𝐸 �∑ 𝑁H2,i,jNj �𝑘B2𝑇2�2𝑁𝑟i − 3Ξi,j ∑ 𝑁H2,i,jNj � = 0.      (11) 
Ξi,j is defined below in Eq. (13). 𝐻i denotes the abbreviation: 
           𝐻i =  −  𝜕𝐹gas,i𝜕𝑁H2,i,j − 𝜕𝐹H𝜕𝑁H2,i,j − 𝜕𝐹H2𝜕𝑁H2,i,j.           (12) 
III. Formation possibility of H2 bubbles in the interplanetary medium, numerical analysis of 
bubble growth. 
Growth of molecular hydrogen bubbles will be possible in the interplanetary space if the criterion of the 
minimum dose of protons is fulfilled. The temperature of the sample has to be high enough to start the bubble 
formation, but not too high to lose Hydrogen much too rapidly due to the high diffusivity of Hydrogen in metals.  
To estimate, whether the conditions for bubble formation are fulfilled a thin 1m × 1m non-rotating 
Aluminum foil (10 µm thick) is assumed to be located at 1 AU distance from the Sun. The foil surface normal is 
directed toward the Sun. The foil temperature will reach rapidly an equilibrium value of 520 K. Thus, the 
temperature criterion is fulfilled. Solar proton flux data, collected by the SOHO and ACE mission, return a 
typical flux at 5 keV of about 109 H+ cm-2 s-1 (see Fig. 1). Under the simplifying assumption that the Sun 
generates only mono-energetic 5 keV protons, the criterion of minimum proton dose will be fulfilled after 116 
days. In reality this happens even earlier (for a detailed analysis see M. Sznajder, thesis 2013 [24]). Therefore, 
both the temperature and the dose criterion for bubble formation are fulfilled if metallic surfaces are exposed to 
the solar wind in typical Earth distances from the Sun. 
For the modeling of bubble growth, the ith bubble located on the Aluminum surface (area 1cm2) consists at 
time t=0 only of two H2-molecules, in accordance with an assumption about 𝑉min. At each time step Δ𝑡j a small 
number of H2 molecules are merged to the bubble. Therefore, Eq. (11) has to be solved at each time step. A 
realistic assumption of bubble growth dynamics is: 
                                Ξi,j = Δ𝑟iΔ𝑁H2,i,j = 𝑗13𝑟i,0.             (13) 
The exponent 1
3
 is a model parameter of bubble growth; it is a good guess according to the experimentally 
found gas pressures inside the bubbles [18]. An increase of that exponent leads to a reduction of the pressure of 
the gas in the bubble. Six models are presented here. For each model it is assumed that the sample has been 
irradiated by a proton flux of 6.24 × 1012 H+ cm-2 s-1 during more than 104 seconds.  Hence the criterion of 
critical dose of protons above which the bubble formation can proceed is fulfilled. Two different temperatures of 
the sample are considered: 300, and 550 K. The BS coefficient is set to 10-2. This value has been estimated by 
use of the SRIM software [26]. The coefficient η which determines the ratio of H2-molecules to H-atoms is set to 
10-2, a value which is taken from the work of Canham et al. [3]. In order to study a wide range of the availability 
of vacancies within the lattice, the free parameter ξ, which prescribes the ratio of H2-molecules inside and 
outside the bubbles, is set to: 10-6, 10-4, and 10-2. 
The results are presented in Fig. 3. While the left plot shows the temporal evolution of bubble growth at 300 
K, the right plot presents it at 550 K. Blue-, green-, and red- lines denote models with 𝜉-factor of: 10-6, 10-4, and 
10-2, respectively. A significant influence on to the bubble growth has the 𝜉 - factor. To illustrate this compare 
for a temperature of 300K the radii after an irradiation period of 104s. For 𝜉 = 10−4 the bubble radius is by a 
factor of about 5 larger than for 𝜉 = 10−6. In case of  𝜉 = 10−2 this factor increases to 30. Clearly, the larger the 
fraction of H2-molecules that find their way into a bubble, the faster it grows. An increase in temperature has an 
effect in the like direction.   After the same irradiation period and for 𝜉 = 10−2 is the radius at 550K about 33% 
larger than at 300K. Obviously, as long as the upper threshold is not exceeded, the bubble formation benefits 
from a higher temperature of the metal. 
 
Fig. 3 Bubble radius as function of time. Left panel: T=300K, right panel: T=550K. The blue, green and 
red curves correspond to ξ –parameters of 10-6, 10-4, and 10-2, respectively. 
 
 




The momentum transfer of a photon to an ideal reflecting surface is given by Δ𝑞 = 2𝑞 cos𝜃, where the factor 
2 is just in accordance with specular reflectivity. Certainly, the surface quality will suffer during the irradiation 
with protons from progressing bubble formation.  At time 𝑡 = 0 the foil has not been exposed to the 
electromagnetic radiation and/or charged particles, and is considered to be a perfect mirror with reflectivity 
𝑅 = 1. That means that all of the incident light rays are reflected perfectly, no light ray is absorbed or diffusively 
reflected by the target. Later, when the foil has been irradiated by a flux of protons and molecular hydrogen 
bubbles have been formed on its surface, the reflectivity of the degraded foil will be reduced. This deterioration 
is calculated in the following way: the foil is covered by a grid with a fixed single cell size of 𝜀cell × 𝜀cell (see Fig 
4).  
 Fig. 4 Grid covered fraction of the foil with one spherical bubble. The cell area is 𝜺cell × 𝜺cell. 
 
The reflectivity of a single cell is by definition Δ𝑞
Δ𝑞max. Hence, taking into account all cells, one has: 
𝑅foil = ∑ Δ𝑞iNcelli
∑ Δ𝑞max,iNcelli             (14) 
 
The path of photons is directed parallel to the foil surface normal. Therefore, at time 𝑡 = 0 the foil was a perfect 
mirror without surface imperfections and 𝜃i = 0.  Later, when the surface is populated with bubbles, 𝜃i will vary 
between 0 and 90°. Thus, Eq. (14) reduces to:  
 
𝑅foil = ∑ 2𝑞 cos 𝜃iNcelli 𝑁cell ×2𝑞 = ∑ cos 𝜃iNcelli 𝑁cell .          (15) 
 
The reduction of reflectivity is here demonstrated for three different bubble number densities 𝑁B: 500 cm
-2, 
1000 cm-2, and 1500 cm-2. The ratio of the average radius of the bubble ?̅? to the size of the cell 𝜀cell is fixed and 
set to 100. Results are presented in Fig. 5. It turns out that the reflectivity is quite sensitive to the average radius 
and surface density of bubbles that cover the irradiated foil. For a small average radius of bubbles the change in 
the reflectivity is negligibly small. However, for bubbles with an average radius of 100 µm the change in the 
reflectivity with respect to the initial state of the foil is significant: 7%, 17%, and 27% for 𝑁B = 500 cm-2, 1000 
cm-2, and 1500 cm-2, respectively.  
 Fig. 5 Reflectivity of a metallic foil covered with hydrogen molecular bubbles as function of the average 
bubble radius for three bubbles surface densities 𝑵B: 500 cm-2, 1000 cm-2, and 1500 cm-2. 
V. Conclusion 
The main conclusion is that the bubble growth phenomenon and its consequence, the blistering, may have a 
serious influence on the propulsion efficiency of any sail-craft. The here presented model calculations have 
shown that blistering may appear on metallic surfaces exposed to the solar wind in the close vicinity of the Sun 
(detail calculations presented in Maciej Sznajder’s thesis [24] has shown that the blistering process may occur in 
orbits between 0.5 AU and 1.5 AU). Under conditions that prevail there, high bubble surface densities with 
average bubble radius in the µm range can be expected. The corresponding reduction of the sail reflectivity must 
be considered in the planning of solar sail missions.  
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